The reflection of ultrasound at an oil film can be used to determine the film thickness. A thin oil film reflects less ultrasound than a thick film. When the film is thin there is a simple relationship between oil film thickness and the proportion of the wave amplitude reflected. The reflection coefficient is in fact a complex quantity with both magnitude and phase. A model for how both the phase and amplitude vary with oil film thickness (and the properties of the bearing materials) has been developed. It has been shown that both can be used to determine film thickness.
INTRODUCTION
The thickness of the oil film in tribological components is a key parameter. If the film is too thin then surface contact can occur resulting in high friction and wear. Measurement of these oil films is difficult because the film is so thin. Usually this requires the electrical isolation of the bearing components or the use of some form of surface mounted contact.
One method that shows potential for non-invasive oil film measurement, is the use of ultrasonic reflection. When an ultrasonic wave is incident on an oil film it is partially reflected and partially transmitted. The proportion of the wave reflected, known as the reflection coefficient, depends on, amongst other parameters, the thickness of the oil film.
This approach has been validated for application to oil films between moving metal surfaces [1] . This has subsequently been used to measure the oil film in rolling element bearings [2] , hydrodynamic journal bearings [3] , and piston ring liner contacts [4] .
In previous work, only the variation of reflection coefficient amplitude was used to determine the oil film thickness. In this work the use of the phase component of a reflected ultrasonic wave in investigated.
ULTRASONIC REFLECTION AT AN INTERFACE
The proportion of a wave amplitude that is reflected is known as the reflection coefficient. This is a complex number and has both magnitude and phase. The analysis in this work shows that the film thickness can be related to the magnitude, R and phase, Φ R by the expressions:
where ω is the angular frequency of the ultrasonic wave and z is the acoustic impedance (the product of the wave speed, c and the density ρ) and the subscripts 1 and 2 refer to the materials either side of the layer. Figure 2 shows a schematic of the measurement apparatus. The transducer is driven by an ultrasonic pulser receiver (UPR), which is controlled by a PC. The tranducer operates in pulse echo mode and so can receive reflections back from the oil film. Reflected pulses are digitised using a PCI digitising card in the PC. The PC performs the signal processing, and displays results with software written in the LabVIEW. 
MEASUREMENT APPARATUS

RESULTS
The phase shift is calculated by subtracting the phase of the incident pulse from that of the reflected pulse. A series of phase shift spectra is shown as figure 3 . Within the bandwidth of the transducer (shown as a dotted line), 1.25 to 2.75 MHz, smooth curves are obtained. The phase shift at any one of these frequencies can be used to determine the film thickness in the spring model. Figure 4 shows the measured film thickness by both phase and amplitude methods for the journal bearing. The results are compared with the Raimondi and Boyd solution [5] . Both methods give close agreement. The measured film is slightly thinner than the predicted solution. This is probably caused by the design of the journal bearing used. 
CONCLUSIONS
The use of the phase shift of a reflected ultrasonic wave has been demonstrated as a being a suitable method for noninvasively measuring oil film thickness. The results are similar to an amplitude-based method and give answers close to theoretical solutions for a journal bearing.
